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INTRODUCTION 
Diffusion of water vapor and COg through the stomates of 
foliage leaves has been studied over the past 100 years with­
out the establishment of a satisfactory mechanism or theory. 
Brown and Escombe's (4) classical work of 1900 showed that the 
diffusion through small, isolated pores varied directly with 
their diameters and not, as might be expected, with their 
areas. Additional studies utilizing multipore systems with 
pores 380 V- in diameter, spaced from 2.63 to 15.7 diameters 
apart, indicated that spacings of 10 diameters or more would 
permit a rate of diffusion through each pore that was equal to 
the calculated rate of isolated pores. Since the average 
spacing of open stomates is approximately 10 diameters, they 
concluded that the diffusion through each stomate would be 
comparable to that of an isolated pore, and that there would 
be no interference. This conclusion has led to the establish­
ment in the literature of a 10-dlameter spacing law for 
stomate and other multipore diffusion. 
By knowing the diffusion rate of an isolated pore the 
size of a stomate, and the number of stomates per unit area, 
an estimate of the potential rate of transpiration can be 
made; this calculated rate, however, is many times that which 
can be measured with a living plant, and may exceed free sur­
face evaporation by 50 times. These same inconsistencies can 
2 
be obtained with model systems. Two possibilities exist as an 
explanation of such an improbable result. Either the diffu­
sion through pores the size of stomates is not a linear func­
tion of the diameter, or there is an increase in interference 
with a decrease in size when pores are spaced 10 diameters 
apart. 
Our experiments and model systems were designed specifi­
cally to test these hypotheses with pores over the range of 
stomatal sizes and spacings. Single-pore membranes of varying 
thickness and pore diameters from 20 to 800 P were used to 
extend the diameter relationship to stomatal sizes. Multipore 
membranes were purchased, and/or designed to our specifica­
tions, with pore diameters ranging from 2.5 to 132 P- and with 
spacings from 10 to 160 diameters. These pore sizes cover 
adequately, and extend above, the range of stomatal dimensions 
/ 
and allow a direct evaluation of the potential diffusion 
through stomates when the epidermis with open stomates is 
considered solely as a multipore membrane. 
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REVIEW OP LITERATURE 
Studies of the diffusion of gases through small pores may 
be traced to the work of Stefan (37) in 1881, who derived an 
equation based on analogy with electro static theory, which 
indicated that evaporation and diffusion from a circular water 
surface would vary directly with the linear dimensions of the 
surface. One form of his equation is 
where Q is the evaporation, P is the pressure of the air, 
is the pressure of water vapor at a great distance, is the 
vapor pressure at the surface of the plane, a is the distance 
from the center of a hyperbolic diffusion stream line to its 
focus, and r is the radius of the circular plane. When a 
equals r, a necessary criterion for diameter proportionality, 
the equation will reduce to 
where k is a constant including the gradient, and a is the 
diameter. Brown and Escombe (4) in 1900 published classical 
work on diffusion of gases through small pores. They pre­
sented an equation based on Pick's law of diffusion, modified 
for small pores, in the form of 
Q = K(a -Va2 - r2) log = 
* - P]_ 
(1) 
( 2 )  
where D is the diffusion coefficient for the gas, p is the 
gradient, I is the length of the pore tube, and A is the 
cross-sectional area. The term 2X is an end correction term 
which they found necessary to account for the effects of the 
vapor shells formed on either side of the pore. They found, 
further, that X was a function of the radius and apparently 
equalled ^ 7tr. Studies by Brown and Escombe (4), with mem­
branes-containing single pores 2 to 6 mm in diameter formed 
the basis of their conclusion that diffusion through such 
pores is proportional to the diameter of the pores rather than 
to the area. Further studies with multipore membranes 100 P-
in thickness, with pores 380 P in diameter spaced at 10 
diameters or more, indicated that each of the pores allowed 
diffusion at a rate equal to the calculated rate of isolated 
pores. Thus the establishment of the diameter proportionality 
law, and the statement that pores spaced at 10 diameters would 
show no interference and would permit diffusion at a rate 
equal to that of isolated pores. 
Renner (26) in 1910, confirmed the diameter law of Brown 
and Escombe with circular pores and stated further, that, in 
the case of elliptical pores, the diffusion was proportional 
to the perimeter. Also, he stressed the concept of macro-
vapor shells to account for the additional resistances 
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necessary to reduce the diffusion per pore to an acceptable" 
figure. Thomas and Ferguson (39) in 1917 maintained that 
evaporation was of the form 
Q = kan, (4) 
where a is the diameter, and n varies between 1 and 2 depend­
ing on conditions of air turbulence. They stressed the point 
that evaporation according to Stefan's simplified equation, 
Equation 2, was rarely approached under "everyday conditions". 
Jeffreys (12) in 1918> studying diffusion and evaporation from 
a theoretical viewpoint, stated that in steady winds the 
equation for diffusion would take the form of 
Q = ka^'5, (5) 
and that this would be largely independent of wind velocity. 
Also, by considering a plant assumed to have 30,000 stomates 
o 
per cm , he calculated that only 600 stomates would be neces­
sary for diffusion to approach free surface evaporation. 
Based on this calculation, he concluded that stomates could 
close to 1/50 of their original diameter before the transpira­
tion rate would be affected. 
Sierp and Seybold (31, 32, 33), in a series of three 
papers published from 1927 to 1929, presented data in support 
of Jeffreys' consideration of the apparent large carrying 
capacity of stomates, and concluded that the 10-diameter 
6 
spacing law is not valid. In their 1928 paper, they discussed 
the magnitude of diffusion through multiperforate septa rela­
tive to free water surfaces, and stressed that the diffusion 
through the multipore systems would not exceed that from a 
free water surface. Huber (10) in 1930 presented data 
gathered from studies of multipore membranes with pore diame­
ters of 11,300, 1,130, 50, and 10 P>, which suggested that 
interference became greater as pore size decreased when the 
pores were spaced at 10 diameters. Based on hyperbolic plots 
of his data, he calculated a constant which he believed to be 
a measure of the interference attributed to mutual inter­
ference shells. 
Weishaupt (44) in 1935 used pores 300 P in diameter 
spaced 5 to 30 diameters apart, and found that there was a 
greater loss per pore at wider spacings, indicating inter­
ference up to spacings of 20 diameters or 6 mm. She con­
sidered also the responses of multipore systems to temperature 
and vapor gradient, with the conclusion that they responded in 
a manner similar to open surfaces. Verduin (42) in 194? 
studied interference specifically with pores 200 to 300 V- in 
diameter spaced at 5, 10, 20, and 4o diameters for the former 
and at 3, 6, 9, 12, 24, and 36 diameters for the latter. He 
found apparent interference with spacings as wide as 4o diame­
ters. He concluded from plots of these data, that the inter­
ference was a function of the inverse square of the distance 
7 
between pores. In a later publication (43), he presented data 
obtained with pores 200, 400, and 800 P in diameter with 
spacings from 10 to 4o diameters, that fit a straight line 
function when the logarithm of the diffusion is plotted 
against the inverse square of the distance between pores. 
Based on a consideration of the inverse square law, he derived 
the following equation to describe interference: 
log Q = log Q, - (6) 
-L Qd 
where Q is the diffusion of a given pore of a multipore system, 
^ is the diffusion of an isolated pore of equal diameter, 
I.e., a pore at infinite spacing, and D is the relative or 
absolute spacing, depending on the value of k. He was also 
able to show good diameter proportionality of diffusion, using 
isolated pores with diameters 12,600, 635, 318, and 159 P that 
had tube lengths of 610 U. Extrapolation of his data does not, 
however, allow an estimation of the degree of interference 
between pores of stomatal dimensions. Based on his observa­
tions, he concluded with respect to pores in the range of 
stomatal sizes that there was either an increase in inter­
ference with a decrease in pore size, or that pores of stoma­
tal dimensions do not obey the diameter proportionality law. 
Maskell (20) in 1928, in order to account for the magni­
tude of diffusion through stomates, assumed an additional 
resistance to reduce the calculated rates based on isolated 
8 
pores. His equation as given is a hyperbolic function of the 
form 
5 
= TTZ- (7) 
where S is the resistances of the individual stomates and L 
is the sum of the remaining resistances to diffusion. Penman 
and Schofield (23) in 1951, discussing Brown and Escombe's 
analysis of small pore diffusion, give 
« = -r^ -r l8) 
7tr 2 + 2r 
as the complete equation for single-pore diffusion and added 
Maskell's factor, L, plus n, the number of stomates, to give 
« = 7$e—— (9) 
i + + — 
n?tr n2r 
as an equation to describe transpiration. They attribute L 
to a limiting boundary layer of vapor over the leaf surface 
and discuss methods for its calculation. 
Bange (2) in 1953 published a theoretical analysis of 
diffusion through stomates and supported his equations with 
empirical studies of evaporation from disks cut from the leaves 
of Zebrlna pendula. His differential equations indicate that 
diffusion through stomates, and therefore transpiration, 
9 
follows the form of a rectangular hyperbola, and that stomatal 
control Is relatively more significant at small stomatal 
openings. By comparing theoretical curves with data obtained 
with leaf disks in still air and wind, he concluded that the 
stomatal mechanism was the only control of transpiration under 
the conditions of his experiments. Recently, Zelitch and 
Waggoner (48) and Shimshi (29) have studied transpiration and 
photosynthesis in relation to stomatal opening, with the use 
of respiratory inhibitors that tend to fix the stomates at 
different degrees of opening. By taking the reciprocal of 
Penman and Schofield's equation to obtain 
g = è(s)- (10) 
they were able to show a good fit to plots of ^  against S. 
Noting that S is dependent only upon the dimensions of the 
individual stomates, they both showed that stomatal aperture 
was correlated with transpiration and 00g assimilation. 
Earlier workers have studied transpiration relative to 
stomatal opening with different conclusions. Lloyd (16) in 
1908, studied transpiration with Fouqulerla splendens, and 
concluded that regulation was significant only at the smaller 
stomatal openings. In agreement with him, Loftfield (17) in 
1921 concluded that evaporative factors were more influential 
than stomatal factors at apertures of greater than 50 per cent. 
10 
In general, the results of much of this research seems to be 
complicated by water stress, causing changes in transpiration 
rates which do not correlate with stomatal openings. Stalfelt 
(35) in 1932 was the first to publish a curve appearing as a 
rectangular hyperbola. His curve is reproduced in Pig. 1. As 
previously mentioned, Jeffreys in 1917 predicted such a 
response and stated that until the stomates close to 2 per 
cent of their maximum aperture, the rate should remain inde­
pendent of diameter and essentially constant. The work of van 
den Honert (9) in 194g seems to be especially relevant to 
considerations of stomatal control of transpiration. He con­
sidered that the movement of water through the plant would be 
limited primarily by the phase change taking place at the 
mesophyll surface. 
Considerations of evaporation and diffusion from circular 
free water surfaces have been made by Carrier (5) in 1918, 
Powell (24) in 1940, Powell and Griffiths (25) in 1935, and 
Penman (22) in 194g, among others. Carrier's data indicate 
that evaporation from a wet surface is a nearly linear func­
tion of wind velocity. Penman discussed Dalton's equation, 
which can take the form of 
Q = BP f(u) a, (11) 
where f(u) is a function of the wind velocity. Sierp and 
Noack (30) in 1921 found that wind shifted evaporation from 
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Pig. 1. Relationship between transpiration and stomatal 
opening as given by St&lfelt. Nearly 60 per 
cent of the reduction in transpiration is 
assigned to the last 10 per cent of stomatal 
closing 
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diameter proportionality to area proportionality. Jeffreys 
(12) considered that diffusion through small pores in wind is 
an exponential function, between diameter and area proportion­
ality, and Stiles (38) agreed. Huber (10), studying the 
effect of wind on small-pore diffusion, concluded that smaller 
pores responded less to wind than larger. Sierp and Seybold 
(33) in 1929 presented data indicating that the ratio of dif­
fusion in wind, to still air was about 9.5 for single pores 
with diameters of 2,000 V- while the ratio for pores 10 to 100 
11 in diameter was about 2. Weishaupt (44) also found less 
response of multipore systems to wind, as compared to open 
surfaces. Penman and Schofield (23) stated, as an explanation 
of such results, that the limiting vapor layer over a leaf 
would generally be below the range of disturbance by air 
turbulence and should be little affected. On the other hand, 
Bange (2) considered that wind would remove the limiting vapor 
layer, shifting the transpiration rate to direct proportion­
ality with stomatal aperture. Stâlfelt (36) in 1935 also 
reached this conclusion, based on experiments with oat tran­
spiration in wind. 
Detailed studies of transpiration in wind have been con­
ducted by Briggs and Shantz (3) in 1916, Stâlfelt (34) in 
1929, Martin and Clements (19) in 1935, Wrenger (46) in 1935, 
Manzoni and Puppo (18) in 1943, Hygen (11) in 1954, and 
Woolley (45) in 1961, among others. The studies are compli­
13 
cated by leaf temperature changes, stomatal changes, and water 
stress and have, therefore, led to varied conclusions. Briggs 
and Shantz used sealed pots in the field, containing grasses, 
Amaranthus, and alfalfa, for example, and concluded that wind 
had little overall effect on transpiration, while Hygen, using 
severed leaves in the laboratory, reported that wind nearly 
always increased the rate. Manzoni and Puppo, also working in 
the field, reported no generally significant effect of wind on 
transpiration. Stâlfelt found that stomatal transpiration was 
increased 100 to 200 per cent by wind while cuticular tran­
spiration was increased by about 20 per cent. Martin and 
Clements, working with Hellanthus annus, concluded that wind 
increased transpiration at low velocities, but that higher 
velocities did not cause significantly greater increases. 
Wrenger1s experiments involving some 38 species of plants in 
wind of 0.75 meters per second, 2.55 meters per second, and 
3.0 meters per second, indicated that the transpiration rate 
increased rapidly at first, but then dropped to a level some­
what above the still air rate. Woolley considered the effect 
of ventilation through amphistomatous leaves, pumping due to 
wind action, and decreased pressures on the lee side due to 
vacuum, and concluded that these factors combined could not 
contribute more than 1 per cent to the water loss from corn 
leaves. 
14 
MATERIALS AND METHODS 
Four series of single-pore membranes were used in studies 
of isolated pore diffusion. Three of the series were prepared 
in the University machine shop by drilling small holes through 
brass stock with thicknesses of 50, 250, and 750 P-. Except 
for the 750 P> series, each thickness level had single holes 
with pore diameters of 100, 200, 400, and 800 U. Due to the 
difficulty of drilling a 100 P- hole through stock 750 V> thick, 
the smallest hole in this series was 150 P>. Two additional 
single-pore membranes were prepared with holes 400 and 800 P-
in diameter drilled through brass stock 1500 P» thick. After 
extensive use, oxidation decreased the diameters of the 
smaller holes, requiring remeasurement at intervals. The 
fourth series was prepared with a punch made from a sharpened 
sewing needle and special anvil. By grinding the needle point 
on a fine hone, an extremely sharp point was obtained which 
would punch a reasonably round hole as small as 10 P- in 
diameter. After punching numerous holes through brass stock 
25 P- thick, membranes with pores in the range of 20 to 100 P> 
were selected by measurement with a binocular microscope. The 
same procedure was attempted with aluminum foil, but it was 
soon found that the foil was porous and could not be used. 
The multiperforate septa used in this study were of two 
types. One of the series was obtained from the Pyramid Screen 
15 
Corp. of Boston. The characteristics of their Series If are 
given in Table 1. These electroplated, nickel membranes had 
pores ranging in diameter from 19 to 132 U, all spaced at 10 
diameters. Pig. 2 is a photomicrograph of two of the mem­
branes. The pores, as shovm, were relatively uniform, but 
conical on one surface. The opposite surface, however, was 
flat and was placed toward the diffusing gas. The conical 
nature of the pores was apparently not a variable in these 
experiments and was not considered in the calculations. Since 
the membranes increased in thickness with increasing pore 
sizes, it was necessary to develop an equation that would 
correct the diffusion to that of uniformly thin membranes. It 
was found that by plotting the diffusion through isolated 
pores against the logarithm of the membrane thickness, a 
straight line was obtained with a negative slope over the 
range of pore diameters from 100 to 800 V>. Pig. 3 is such a 
plot of the pores 400 U in diameter with membrane thicknesses 
of 50 , 250 , 750, and 1500 V>. The empirical line is described 
by 
Q = - k log I + Qp (12) 
where represents the diffusion when I equals one. The use 
of this equation in correcting the multiperforate membranes to 
uniform thickness is described in detail under the section 
describing the results. Also, additional experiments were 
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Pig. 2. Photomicrographs of two of the Pyramid Screen, 
multipore membranes. Upper, pores 83 U x 10 
diameters. Lower, pores 19 U x 10 diameters. 
About 50x 
18 
Pig. 3. Diffusion of water vapor through single-pore 
membranes as a function of the logarithm of the 
membrane thickness (pore-tube length). Pores 
were 4oo P in diameter 
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performed, utilizing open cylinders with Inside diameters of 
2.5 cm and water-to-rim distances of 1, 3, 5, 6, and 9 cm to 
test the relationship over wider ranges. To minimize limita­
tions of diffusion by the evaporation rate, if such limita­
tions existed, necks 1, 2, 4, and 8 cm long with inside 
diameters of 1.8 cm were fused to 125 ml Srlenmeyer flasks 
after removal of the original necks for additional experiments. 
Table 1. Characteristics of the Pyramid Screen, multipore 
membranes 
Diameter of 
pores - P 
Spacing - P 
(10 D) 
Pores/cm2 Membrane 
thickness - U 
19 196 7,480 75 
37 370 2,000 157 
83 822 392 375 
94 940 302 475 
132 1,320 155 600 
In conjunction with the trials utilizing relatively large 
glass flasks, additional vessels were constructed with bases 
with a water holding capacity of 18 ml and necks 2 cm long. 
The diameters of the necks were 0.35, 0.8, 1.25, and 1.75 cm. 
These were used to study the relationship of diffusion through 
large tubes with long necks of various diameters. 
The second series of multipore membranes was prepared to 
20 
our specifications by the Buckbee Mears Co. of St. Paul at an 
average cost of $120 for 3x3 inch squares. Master plates 
with pores of a specified size and spacing were made by 
engraving coated glass plates, followed by etching to leave 
raised squares of the proper pore dimensions. These were then 
electroplated with nickel to a thickness of 10 P. Some of 
these primary screens were replated to decrease the size of 
the pores, thus considerably reducing the cost. The replating 
process necessarily increased the thickness of the membranes 
to a maximum of 75 P. We were unable, however, to measure any 
effect of this varying thickness, probably because the extra 
thickness was tapered on both sides of the pores (cf. Pig. 4). 
Pig. 4 is a photomicrograph of two of the membranes. 
Three groups of membranes may be differentiated in Table 
2. The columns represent a family with the same number of 
pores and center-to-center spacing. For example, the column 
p 
headed 2,500 pores per cm , represents membranes with pores of 
diameters of 2.5, 5, 10, and 20 P. As the pore diameter 
increased the relative spacing decreased while pore number 
remained constant. These membranes, therefore, simulated 
stomatal opening. The rows represent membranes with pores of 
the same diameter, but with different pore numbers and rela­
tive spacing. Experiments with these membranes allowed 
evaluation of the change in interference with a change in 
relative spacing. The diagonal lines from lower left to upper 
22 
mm 
Pig. 4. Photomicrographs of two of the Buckbee Hears, 
multipore membranes. Lower, pores 10 P x 10 
diameters. Upper, a membrane originally 20 V> 
x 10 diameters, replated to 10 P- x 20 diameters. 
About 160x 
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right represent series at constant relative spacings from 10 
to 160 diameters. These allowed a check on the Pyramid Screen 
membranes and also the effect of wider spacings. 
Table 2. Characteristics of the Buckbee Mears, multipore 
membranes. Tabular figures are the pore spacings 
in relative diameters 
Diameter - P 39 156 
Number 
625 
of pores 
2,500 
2 per cm 
10,000 40,000 
2.5 - - 160 80 40 20 
5.0 - 160 80 40 20 10 
10.0 160 80 40 20 10 -
20.0 80 40 20 10 - -
AO.O 40 20 10 - - -
80.0 20 10 - - - -
The membranes were sealed to glass cups 25 mm in diameter 
equipped with small handles for carrying. Bach cup was fitted 
with a glass ring 1 cm high which could be sealed on top of 
the membranes to prevent air currents from disturbing the 
diffusion shells. The membranes were cut into circles or 
squares about 3 cm in diameter and sealed to the cups with 
Duco cement, allowed to dry overnight, and then resealed on 
the outside with paraffin. In later trials, the membranes 
were sealed to the cups with a fine coating of stopcock grease 
24 
which could be removed from the membranes after the trials 
with a solvent such as Skelly A. Since Weishaupt (44) found 
absolute differences in the total diffusion with diffusion 
cups that had water-to-membrane distances of 1 and 4 cm, care 
was taken to add exactly 4 ml of distilled water to each cup, 
which resulted in a free space distance of 1.2 cm. During the 
course of the still air experiments, the cups were kept in a 
draft and dust free cabinet. Diffusion of water vapor was 
followed as weight loss by periodic weighings on an analytical 
balance to the nearest tenth of a milligram. All sizes were 
run in triplicate. 
Wind trials were conducted on the laboratory bench under 
a glass wind shelter, with wind created by a table fan and 
measured with a Florite Style 1,000 B hand anemometer to the 
nearest 10 feet per minute. The cups were prepared as before 
with the exception of a few trials in which they were filled 
to within a millimeter of the membrane in order to minimize 
limiting diffusion shells formed between the water level and 
the membrane. The glass ring, wind guard, of course, was left 
off. In the single-pore trials in wind, the experiments were 
run for at least 24 hours. With the multipore systems, how­
ever, the increase in the rate of diffusion was so great the 
experiments were limited to a few hours. 
14 Carbon dioxide diffusion was studied with C Og generated 
from BaCOj containing 8 Pc/mg of 0^, obtained from the Oak 
25 
Ridge National Laboratory. Pour ml of 1.0 M NaOH was placed 
in the diffusion cups as a COg trap. As with the water vapor 
trials, each pore size was run in triplicate. The experiments 
were conducted in a special airtight glass compartment with a 
volume of 18.4 liters. The cups, after adding the base and 
sealing on the membranes with stopcock grease, were placed on 
a glass shelf, 6 in. from the bottom of the tank. The 
was generated in a small cup suspended near the top of the 
tank, with 1 to 2 ml of 10 per cent perchloric acid. The acid 
was injected with a syringe, through a rubber stopper inserted 
14 in a hole in the compartment, onto 2-3 mg of the BaC Oy A 
small fan blade within the compartment was used to insure 
14 thorough mixing of the 0 Og. After the trials, which lasted 
for 12 hours in the single-pore runs and 2 hours in the multi-
pore runs, the excess 01%2 ln the air was absorbed by flood­
ing the bottom of the tank with saturated NaOH and stirring 
the air with the fan. 
Samples were prepared for counting by precipitating the 
NagC^^Oj with BaCl2, after the C-^Og iiad diffused through the 
pores (1). Excess carbonate was added to the solution to 
insure infinite thickness of the samples. The resulting 
precipitate was then washed from the cups onto filter paper 
disks, dried, and counted. For counting the multipore systems, 
which absorbed considerably more C^Og» 0.2 ml of the base 
solution was pipetted onto a planchet, dried to infinite 
26 
thinness, and counted directly. Counting was done with a 
Model D4y Nuclear-Chicago Gas Plow Counter equipped with a 
tticromil window. 
A limited number of experiments with water vapor were 
conducted with multipore membranes prepared from epidermal 
strips of the leaves from Graptopetalum sp. The epidermis of 
these leaves can be removed easily with the aid of a sharp 
razor blade and forceps, with little adherence of mesophyll 
tissue. By pretreating the plants from a clone with light 
from a 1,000 watt bulb for several hours, and then floating 
the epidermal strips on concentrations of carbonate from 0.05 
to 0.001 M at room temperature overnight, it was possible to 
obtain strips with the stomates at different degrees of open­
ing. After the carbonate treatment, the strips were fixed in 
absolute ethyl alcohol according to Lloyd (16) for at least 
4g hours, and pressed under glass until thoroughly dry. The 
membranes were sealed with stopcock grease to special small 
diffusion cups 1.5 cm high, with inside diameters of 1.2 cm. 
Glass wind guards were sealed in place over the membranes to 
reduce air currents. Each cup was filled to within 0.5 cm of 
the membrane with distilled water. During the experiments 
which lasted for several days, the cups were kept in a dust 
free cabinet and diffusion was determined, as with the other 
trials, by periodic weighings on an analytical balance to the 
nearest tenth of a milligram. After a trial was completed, 
27 
silicone rubber (General Electric Liquid Silicone Rubber 
RTV-11) impressions were made of the epidermal strips accord­
ing to the technique of Sampson (27) and Zelitch (47). 
Cellulose acetate positive prints, obtained by coating a 
cellulose acetate solution onto the rubber impressions, were 
used for stomatal measurements. The diameter of the stomates 
was determined from measurement of the short axes of 25 
stomates per membrane. Based on counts from 10 prepared 
membranes, the absolute spacing between stomates was 123 P, 
The number, and therefore, the spacing, of the stomates seemed 
to be fairly constant among the plants used in the study, but 
the stomates on any given membrane were on the whole rather 
variable in their degree of opening. 
28 
RESULTS 
Single-pore Diffusion in Still Air 
The results of diffusion through single-pore membranes 
with diameters ranging from 20 to 800 P are plotted in Pig. 5. 
The thickness of these membranes was 50 V> for the range 100 to 
800 P-, and 25 P for pores less than 100 W. The 25 P thick 
membranes were corrected for fit to the 50 P- series. The 
points fall on a straight line that extrapolates smoothly to 
zero diffusion at zero diameters, indicating that the diameter 
relationship holds over the range of stomatal sizes at these 
thicknesses. Pig. 6 is a plot of the diffusion through the 
hand punched pores from 25 P stock with diameters less than 
120 U. A good fit to a straight line was obtained. Since it 
was nearly impossible to punch more than one hole of any given 
size, each point represents an average of three pores that 
varied by a few microns. This, coupled with the fact that 
some of the pores deviated somewhat from an exact circular 
aperture, explains the slight variability of these data. With 
these experiments evaporation was eliminated as a variable, 
since the water surface was many hundred times larger than the 
pore; and since the water level was far enough below the mem­
brane surface to allow diffusion shells to form below the pore 
aperture, good diameter proportionality was obtained. 
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The results of Sayre's (28) data with elliptical pores 
are relevant to these considerations. Using a circular pore 
and an elliptical pore with identical perimeter dimensions of 
7.4 mm, he concluded that since the elliptical pore with a 
p 
cross-sectional area of only 0.59 mm allowed diffusion at a 
rate equal to 83 per cent of the circular pore with an area of 
p 
4.22 mm , elliptical pores are more efficient. "When it is 
noted that his elliptical pore had a long axis of 3.5 mm and 
a short axis of 0.4 mm, with an average diameter of 1.95 mm, 
which is exactly 83 per cent of the diameter of the circular 
pore, it is seen that the diffusion varied directly with the 
average diameter and not with either the perimeter or the 
area. Based on this analysis, there does not seem to be any 
special effect due to the elliptical nature of stomates. 
A consideration of the thickness of the pore tube now 
remains. Fig. 7 is a linear plot of the diffusion through the 
three series of single-pore membranes with membrane thick­
nesses of 50, 250, and 750 P. The 50 U series indicates 
reasonably good diameter proportionality, while the thicker 
membranes show marked deviations from linearity, with a trend 
toward area proportionality which is characteristic of dif­
fusion within tubes. If the single-pore equation, Equation 8, 
is multiplied by it becomes 
a = ffj, (i3) 
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and it can be seen that when the ratio of t to r is small, 
i.e., when r » I, the term — becomes small relative to fk 
- - wr 2 
and the equation approaches 
Q = SEpf, (14) 
which is essentially Pick's law for diffusion. The validity 
of this equation for describing the diffusion through small 
pores can be evaluated by plotting the diffusion against the 
term —- for the data shown in Fig. 7. Fig. 8 is such a 
— + 1 
Ttr 2 
linear plot and satisfactorily corrects the pore potential for 
each of the series, so that all of the points fall on a 
straight line with a smooth extrapolation to zero at zero r. 
As previously mentioned (Fig. 3), these data, with the inclu­
sion of membranes 1500 P- in thickness at the pore size level 
of 400 P, fit Equation 12, indicating that the diffusion 
varied inversely with the logarithm of the thickness at a 
constant pore diameter. Plots of the other pore diameters 
against thickness are not given because only three points were 
available for each size. The three points for each, however, 
do fall on a straight line when the diffusion is plotted 
against log I. 
An evaluation of the deviation from linearity of the data 
obtained with the 250 and 750 P» thick membranes can be deter­
mined by approximating the single-pore equation as Equation 4. 
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By taking the logarithm of both sides, a plot of log £ against 
log a should be a straight line with a slope equal to n, where 
n will approach 1 or 2 depending on the size of I. The values 
of n for the 250 and 750 U membranes are 1.53 and 1.73 respec­
tively. These data show a clear trend toward area proportion­
ality with increasing pore-tube lengths. 
Calculations based on trials with the diffusion flasks 
of variable neck diameters and uniform neck lengths of 2 cm 
gave n equal to 1.74 when evaluated by the logarithmic method 
described above. Pig. 9 is a plot of one of these trials, 
showing the linear relationship of the plot. Clearly, this 
relationship holds over a wide range of tube dimensions. 
Experiments with open cylinders 2.5 cm in diameter and 
water-to-rlm distances of 1, 3, 5, 6, and 9 cm, as well as the 
Erlenmeyer flasks with extended necks of 1, 2, 4, and 8 cm, 
also gave straight line plots of diffusion against the 
logarithm of the neck length. These data indicate that the 
diffusion relative to membrane thickness at constant diameter 
can be described by Equation 12, and further, that this rela­
tionship holds with small pores and open cylinders with t to 
r ratios from 0.125 to 10 in the small pores and from 0.4 to 
4.5 in the cylinders. 
The foregoing considerations show clearly that diffusion 
through a tube is described by Pick's law of diffusion, for 
infinitely long tubes only, while diffusion through small 
36 
1.4 
1.2 
o» 
I 
CO 
CO 
o 
1.0 
cc 
LU 
J— 
< 
$ 
Ll. 
o 
o 
CD 
O 
0.8 
0.6 
i 0.4 
0.2 
0L 0.2 0.4 0.6 0.8 1.0 
LOG,g OF DIAMETER- mm. 
Pig. 9. Logarithmic plot of evaporation against tube 
diameter. Data for flasks with neck lengths of 
2 cm and varying diameters. The value of the 
slope (n) is 1.74 
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pores with short tube lengths may be adequately described with 
a linear equation based on diameter. Tube lengths which alter 
the diameter relationship will shift the mathematical model 
describing the diffusion toward area proportionality, but 
would not be expected to reach area proportionality except in 
very long tubes. However, large I to r ratios would be 
expected to approximate area proportionality in the same 
manner that small ratios approximate diameter proportionality. 
A very long tube with an extremely small cross-sectional area 
might be expected to follow flow theory, which relates the 
movement to the fourth power of the radius. Nevertheless, our 
data do not give any indication of flow, and are described 
adequately with diffusion theory. 
Experiments with the diffusion of C02 Indicate that the 
same relationships hold with this gas as with water vapor. 
Pig. 10 is a plot of diffusion of 002 through single-pore 
membranes with diameters of 100, 200, 400, and 800 V> in the 
14 30 li thick series, as determined by measurement of C 0^ 
absorbed by NaOH. Note that corrosion had reduced the diame­
ters of the 100 and 200 V> pores, and that these are plotted 
in the graph at their corrected diameters. The four points 
fall on a straight line which extrapolates smoothly to zero 
diffusion at zero pore diameter, and show the diameter rela­
tionship with this gas. These data, since they agree exactly 
with the water vapor experiments, indicate that 00g assimila-
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tion as well as transpiration is affected by the principles of 
diffusion through small pores, and that diffusion is limited 
only by considerations of the pore dimensions and gaseous 
phenomena in the vicinity of the pore. 
Single-pore Diffusion in Wind 
In still air, Equation 2 describes the diffusion through 
single-pore membranes, assuming that length of pore tube is 
not a factor. The diffusion within a tube, however, is 
described by 
Q = ka2, (15) 
where a is the diameter. Since it is the spherical nature of 
the diffusion shells which causes diameter proportionality, 
any factor which disturbs the diffusion shells should tend to 
shift the relationship from diameter toward area proportion­
ality. Since, however, the diffusion shells on the lower 
surface of the membrane are protected, area proportionality 
would not be expected if a single set of shells were suffi­
cient to maintain diameter proportionality. Recall, though, 
that Jeffreys (12) gives Equation 5, relating the diffusion 
to a'*"'\ as describing small pore diffusion in wind, based on 
theoretical considerations. 
A consideration of the wind profile curve (8), based on 
4o 
v2 = v1Za (16) 
where v^ is the wind velocity at Z height, v^ the velocity at 
unit height, and a is an exponent which varies with the actual 
wind velocity with height, indicates that wind velocity close 
to a surface will be small relative to a distance above the 
surface. For this reason, small diffusion shells associated 
with small pores should be relatively less affected than large 
diffusion shells associated with large pores. Wind of suffi­
cient velocity might be expected to shift the relationship 
from diameter proportionality toward area proportionality, but 
this would only occur with high wind velocities on larger 
pores. 
An evaluation of the effect of wind on small pore diffu­
sion can be made by taking the logarithm of both sides of 
Equation 4, and plotting log Q against log a, and then evalu­
ating n from the slope. Fig. 11 represents a series of linear 
plots of water vapor diffusion, utilizing the 50 P thick series, 
with pore diameters of 100, 200, 400, and 800 P, at varying 
air speeds. Inspection of the figure shows that wind veloci­
ties less than 1,000 feet per minute did not eliminate diameter 
proportionality and, in fact, actually had little effect even 
at 1,000 feet per minute with pores less than 400 P in diame­
ter. The curves drawn from the data obtained with wind veloc­
ities 800 feet per minute and less all show good diameter 
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Fig. 11. Effect of wind on diffusion of water vapor 
through single-pore membranes, as a function 
of pore diameter 
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proportionality, and differ only because of changes in gradi­
ent caused by the air flow. Since the trials were run in the 
laboratory on different days, the magnitude of the diffusion 
differences at different wind velocities is not directly 
comparable. An additional experiment with a wind velocity of 
500 feet per minute was also run, but is not shown on the 
graph since the gradient did not correlate with the other wind 
velocities. However, good diameter proportionality was 
obtained. 
Pig. 12 is a logarithmic plot allowing evaluation of the 
slopes of the curves in order to calculate the deviation from 
diameter linearity. It is apparent from the graph that only 
the 1,000 feet per minute trial deviated significantly from 
the 0 feet per minute control curve. A t-test utilizing the 
slopes indicated that the 1,000 feet per minute curve was just 
significantly different from one at the 95 per cent confidence 
level, while the slopes of the other curves are, in fact, 
statistically equal to one. The actual calculations are 0.94, 
1.08, 1.10, 1.06, and 1.55 for the 0, 300, 500, 800, and 1,000 
feet per minute trials respectively. With pores 800 P in 
diameter and a wind velocity of 1,000 feet per minute, a new 
factor was introduced. This may have been a combination of 
more disturbance, or elimination, of the upper shells, com­
bined with turbulence effects on the inner shells with these 
larger pores and higher air speeds. Either the size of the 
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with 14,500 stomates per cm^ having an average diameter of 9 
V>, absorbed 00g at a rate equal to 0.07 ml per cm2 of leaf per 
hour. In a parallel experiment, 0.0397 ml of C02 diffused 
through an isolated pore 3.22 mm in diameter. Extrapolating 
the single-pore data to an average of 9 U gives a diffusion 
rate of 0.00011 ml, or 1.61 ml for 14,500 pores. The diffu­
sion of 0.07 ml per hour represents less than 5 per cent of 
the expected rate without interference, and indicates more 
than 95 per cent interference between the stomates. 
Four experiments in our laboratory with seedlings of 
p 
Hellanthus annus, that averaged 6,515 stomates per cm with an 
average diameter of 9 P gave a transpiration rate of 0.016 g 
2 per cm per hour per plant, as determined with a potometer. 
Leaf areas were measured with shadowgraphs on Kodabromide 
paper, and the stomatal number and average diameter were 
determined from measurements on both surfaces of the leaf with 
a binocular microscope fitted with an ocular micrometer. A 
simultaneous experiment under the same conditions with single-
pore membranes allowed estimation of the expected loss of an 
isolated stomate 9 in diameter, with an assumed thickness of 
10 P. As this value was 4.67 x 10"^ g per hour, or 0.31 g per 
hour per 6,515 stomates, the interference between the stomates 
was about 95 per cent, representing a loss per stomate of only 
5 per cent of the expected. Even with such a large degree of 
interference, the transpiration represented a loss equal to 
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diffusion shells associated with the smaller pores was such 
that air flow had little effect, or the undisturbed, lower 
shells were capable of maintaining diameter proportionality. 
We suspect that the latter hypothesis is true. The variability 
of the points accounting for the seemingly low significance 
level (95 per cent) with a physical system suggests that a 
simple equation in the form of Equation 4 may not be valid 
with small pores. 
These data do, however, support the validity of the 
equation for small pore diffusion (Equation 8), but in partic­
ular, emphasize the importance of the diffusion shells in 
accounting for the diameter law. It may be significant that 
the one high exponent in these data, a1*^, agrees with 
Jeffreys' prediction of a1'-* for diffusion through pores in 
wind. It seems, however, that a value of a\ or diameter 
proportionality, is more probable for pores of stomatal sizes, 
either in still air or wind. 
Multipore Diffusion in Still Air 
It is frequently assumed that pores spaced at 10 diame­
ters, or more, allow diffusion at a rate equal to isolated 
pores (4, 6, 14). A few simple calculations, however, show 
an error of large magnitude in this assumption. For example, 
Brown and Bscombe (4) found that leaves of Catalpa blgnonloldes, 
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34 per cent of the evaporation from a free water surface on a 
per area basis, as determined by the loss from open cups 25 
mm in diameter. 
A qualitative estimate of the magnitude of the inter­
ference between the pores of the multipore membranes is made 
by plotting the loss per pore of the multipore membranes 
against the diameter, on the same graph with a curve repre­
senting single-pore diffusion. A straight line would be 
expected with no interference, while negative deviations from 
the isolated pore curve are a direct measure of interference. 
Such a plot with data obtained with the Pyramid Screen mem­
branes is shown in Pig. 13. The differences in the slopes of 
the two lines at any point, indicate a marked degree of 
interference at the smaller pore sizes. Fig. 14 is a compara 
ble plot with data obtained with the Buckbee Hears membranes 
for pore diameters of 5 to 80 U, all spaced at 10 diameters. 
The same pattern of marked interference was found. Pig. 15 
is an Identical plot except for pore spacings of 10, 20, 4o, 
and 80 diameters. It is clear from this graph that inter­
ference not only increases with decreasing pore sizes, but 
also increases considerably with decreased spacing. The 4o 
and 80 diameter spacing curves approach the slope of the 
single-pore curve and run parallel to it. It is noteworthy 
that the multipore systems, even with pores at wide spacings, 
do not approach single-pore diffusion. The data for the 
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Pig. 15. Diffusion of water vapor through single-pore 
membranes and through the Buckbee Mears, multi-
pore membranes with pores at four spacings (D), 
plotted as loss per pore against pore diameter. 
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curves of Fig. 15 are presented In Table 3. As these were 
run in series of constant relative spacings, the data within 
a vertical column are directly comparable. 
Table 3. Diffusion through the Buckbee Hears, multlpore 
membranes expressed as mg/hr/pore x 10^. The 
experiments were run in series of constant relative 
spacing, i.e., the vertical columns are comparable 
Diameter of Distance between pores in diameters 
pores - li 10 20 40 80 160 
2.5 - 0.17 0.57 0.83 3.13 
5.0 0.14 0.64 1.80 2.40 5.31 
10.0 0.59 2.50 4.90 5.00 4.80 
20.0 2.30 8.70 14.70 20.80 -
40.0 8.30 25.70 49.54 - -
80.0 31.10 89.90 - - -
14 Data from 0 0^ diffusion trials indicate that 002 move­
ment follows the same patterns of diffusion through multlpore 
systems as does water vapor. Pig. 16 is comparable to Pigs. 
13, 14, and 15, and shows an identical pattern. 
The Pyramid Screen, multlpore membranes increased in 
thickness with increasing pore size. A plot of total diffu­
sion per membrane against pore size gave a logarithmic curve, 
indicating that the thinner membranes allowed si on 
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than the thicker ones. By plotting the total diffusion 
against log t, a straight line was obtained with a negative 
slope, suggesting that pore diameter and number were not 
independent variables affecting the diffusion through these 
membranes. Since the curve is adequately described by Equa­
tion 12, and noting that the quantity k log I represents the 
decrease in diffusion due to thickness for membranes greater 
than unity, I values can be selected that allow corrections 
for loss at uniform thickness. For example, by adding k log 25 
to the total diffusion of the 75 P» thick membranes, they can 
be corrected for losses for I equal to 50, i.e., 
Q5o = Q75 + k log 25. (17) 
Fig. 17 is a plot of total diffusion against the logarithm of 
the thickness, while Fig. 18 is a plot of the total diffusion 
per membrane, corrected to a membrane thickness of 50 U. A 
good fit to both plots was obtained with the exception of the 
37 P set. The latter was not completely uniform with respect 
to pore diameter and gave variable results throughout the 
experiments. Fig. 18 shows uniform diffusion over the range 
of pore sizes when the pores were spaced at the same relative 
distance. Apparently interference exactly offset the change 
in diffusion potential due to changes in pore size concur­
rently with pore number. A decrease in pore size with these 
multlpore membranes is accompanied by an increase in pore 
Pig. 17. Diffusion of water vapor through the Pyramid 
Screen, multipore membranes, plotted as loss 
per membrane against the logarithm of the 
membrane thickness 
Pig. 18. Diffusion of water vapor through the Pyramid 
Screen, multipore membranes, plotted as loss 
per membrane against pore diameter after 
correction to a uniform membrane thickness 
of 50 » 
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number. A decrease in pore size with these multipore mem­
branes is accompanied by an increase in pore number, and 
diffusion would be expected to be decreased on the one hand 
and increased on the other. Assuming as Brown and Escombe 
did, that each pore allows diffusion at a rate equal to an 
isolated pore, a decrease in pore diameter of 50 per cent 
would be expected to decrease the diffusion by one-half. 
However, with these membranes, a 50 per cent reduction in 
diameter is necessarily accompanied by an increase in pore 
number by a factor of four to maintain the same relative 
spacing. The result of the increase in pore number would be 
to Increase the diffusion by four times. The over-all result 
of the pore size and number change is a doubling of the 
potential diffusion rate. Since the actual diffusion remained 
constant (Fig. 18), we must assume that any Increase in dif­
fusive potential was exactly offset by an increase In inter­
ference. 
The Buckbee Hears, multipore membranes allowed a careful 
check of this hypothesis at 10 diameters, and also an exten­
sion to wider spacings. Fig. 19 is a plot of loss per mem­
brane, expressed as a percentage of open surface evaporation, 
against pore diameter for spacings (D) of 10, 20, 40, 80, and 
160 diameters. The 10-dlameter spacing curve which is compar­
able to Fig. 18 is a nearly horizontal line. The wider spac­
ings, however, deviated significantly from the constant dlffu-
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slon per membrane. It seems, therefore, that the conclusion 
drawn from the Pyramid Screen membranes is valid only at the 
10-diameter spacing. This, of course, is to be expected as in 
order for the diffusion to remain constant with changes in 
pore size and number, the interference has to vary to compen­
sate for the change in diffusion potential. Since inter­
ference is a function of spacing, wider spacings would not be 
expected to compensate. The actual percentage figures are 
given in Table 4. 
Table 4. Percentage of open surface evaporation as determined 
with the Buckbee Hears, multipore membranes 
Diameter of 
pores - U 10 
Distance between pores 
20 40 
in diameters 
80 160 
2.5 - 65.3 51.5 16.5 -
5.0 73.3 61.2 4o.6 13.6 8.9 
10.0 77.3 59-4 27-8 6.9 2.1 
20.0 74.2 52.5 21.0 6.9 -
40.0 69.6 38.6 17.6 - -
80.0 63.4 33.7 - - -
By taking the percentage difference between the diffusion 
per pore of the multipore membranes and the predicted isolated 
pore diffusion as calculated by extrapolation from a single-
pore membrane, a quantitative estimate can be made of the 
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interference between pores of stomatal sizes. The percentage 
difference between the two curves plotted in Pig. 13 is a 
linear function as shown in Pig. 20. This curve shows clearly 
that there is an increase in interference with a decrease in 
pore size with pores spaced at 10 diameters. Interestingly, 
extrapolation of this line gives zero interference at a pore 
diameter of about 4oo P-, in agreement with Brown and Escombe's 
380 V> multipore systems in which they found no interference. 
Noting that the points in Pig. 20 are all corrected to a 
thickness of 50 P, the smooth extrapolation to 100 per cent 
interference indicates the validity of the correction proce­
dure. Pig. 21 is an identical plot to Pig. 20 and represents 
the percentage difference of the data obtained with the Buck-
bee Hears membranes spaced at 10 diameters (Pig. 14). These 
data also fall on a straight line and give comparable inter­
ference figures to those obtained with the Pyramid Screen 
membranes with the single exception of the 80 P point. As 
this was consistent with replication, it is considered signif­
icant. Since three of these membranes were within the size 
range of stomates, the curve may be considered to be a direct 
measure of the interference that occurs between stomates 
spaced at 10 diameters. The 5 P pores showed 97.8 per cent 
interference, representing only 2.2 per cent of the expected 
diffusion rate. As noted in Table 5, which lists the percent­
age of interference values for the spacings of 10 through 160 
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between the two curves in Fig. 14. Buckbee Hears 
membranes 
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diameters, even the wider spacings showed a considerable 
amount of interference. It is only the large pores spaced at 
wide absolute distances which approached isolated pore diffu­
sion. Graphs of the percentage of interference against pore 
diameter for the spacings greater than 10 diameters do not 
give straight lines, and the trend beginning to show with the 
80 li pores spaced at 10 diameters is accentuated. This means 
that interference was not a linear function except at small 
pore diameters, and apparently approached a minimum at a 
slower rate as the size and spacing increased. 
Table 5. Percentage of interference values obtained with the 
Buckbee Hears, multipore membranes. The experi­
ments were run in series of constant relative 
spacing 
Diameter of Distance between pores in diameters 
pores - ti 10 20 40 80 160 
2.5 - 95.7 86.6 82.3 
5.0 97-8 91.5 78.7 74.3 
10.0 95.4 84.4 71.2 73.3 
20.0 90.6 72.4 56.8 44.5 
40.0 83.6 59.2 27.2 -
80.0 68.1 28.7 — -
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Pig. 22 is a plot of the OO^ diffusion data obtained 
from Pig. 16 translated into percentage of interference. As 
with the water vapor curves, pores in the range of stomatal 
sizes gave interference figures of more than 95 per cent. 
These data further emphasize the fact that interference is a 
function of phenomena in the vicinity of the pores, and is not 
accounted for by high concentrations of gas, as might be 
expected in the water vapor experiments. 
Experiments conducted with constant pore size at differ­
ent spacings allow direct evaluation of the effect of pore 
spacing on the diffusion per pore. The data from such experi­
ments are given in Table 6, along with the single-pore data 
Table 6. Diffusion through the Buckbee Hears, multipore 
membranes expressed as mg/hr/pore x 10^. The 
membranes were run in series of constant pore 
diameter 
Diameter of Distance between pores in diameters 
pores - P. oo 10 20 4o 80 160 
2.5 3.69 - 0.16 0.34 - -
5.0 5.26 0.12 0.40 1.14 1.26 1.28 
10.0 20.4 0.89 3.11 5.79 6.41 6.61 
20.0 36.6 3.23 9.11 15.34 19.15 -
40.0 53.4 9.06 23.14 37.14 - -
80.0 118.5 34.21 84.08 o — 
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Pig. 22. Percentage of interference between pores spaced 
at 10 diameters, calculated from the difference 
between the curves in Pig. 16. The data are from 
OOg diffusion trials. Pyramid Screen membranes 
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for each size obtained by extrapolation from a 400 U single-
pore membrane. The data for the 5 and 10 P, diameter series 
are depicted graphically in Fig. 23. The interference patterns 
for various spacings are clearly shown by this plot. The 
rapid increase in diffusion per pore as the spacing was in­
creased, with a trend to near constant diffusion between 4o 
and 80 diameter spacings, shows rapidly increasing interfer­
ence with 5 and 10 P pores spaced at less than 4o diameters. 
With 20 P pores a significant decrease occurred between the 
80 and 4o diameter spacings. As is apparent from Table 6, a 
large amount of interference was still present when comparing 
the widest spaced pores with the values calculated for the 
isolated pores, i.e., the spacings at infinity. The percent­
age of the expected loss for the 5 pores spaced at 160 
diameters was 24.3 per cent, or over 75 per cent interference. 
The interference value based on a spacing of 10 diameters was 
97.8 per cent. The percentage interference figures for the 
10 pores spaced at 160 diameters or 1,600 was 67• 6 per 
cent, and for the 20 U pores spaced at the same absolute 
distance, it was 47.7 per cent. Clearly, interference in­
creased with decreasing pore size. 
Theoretical considerations by Verduin (43), based on his 
multipore systems, indicated that closing of stomates would 
not be accompanied by an equal decrease in transpiration. 
This analysis was based on two diffusion curves of data from 
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Pig. 23. Diffusion of water vapor through multipore membranes as a 
function of pore spacing at two pore diameters 
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pores 200 and 300 V> in diameter. "When the diffusion was 
plotted against the pore spacing, it could be seen that a 
shift from a 5-diameter spacing to a 10-diameter spacing, 
representing a closure of 50 per cent, was accompanied by a 
decrease in the diffusion rate of only 20 per cent. Verduin's 
interference equation, Equation 6, also allows calculation 
from our multipore data of the change in diffusion as the pore 
aperture changes. 
Since a plot of log Q against l/D^ was a straight line 
with Verduin's data with a slope equal to -k and an intercept 
of log and since our data allow determination of log 
from the Isolated pore rates at any diameter, and determina­
tion of log Q from B equal to 10 at any diameter, a series of 
such plots over stomatal size ranges will allow calculation of 
£ values for any D value. The calculation is complicated, 
however, by the necessity of changing curves with each pore 
diameter, and the assumption has to be made that Verduin's 
equation holds over the range of stomatal sizes. 
The results of such a calculation are plotted in Pig. 24 
for initial diameters of 10 and 20 U obtained from the Pyramid 
Screen membrane data. The plots indicate that the initial 
closures should be accompanied by an increase in the diffusion 
capacity, and that the capacity should not fall below the 
initial values until the pores are nearly closed. Noting that 
only the initial points are derived from data, and recalling 
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Fig. 24. Calculated changes in diffusion potential due to 
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further that these membranes lose water at a rate equal to 
nearly 70 per cent of a free water surface, the graph should 
not be interpreted as indicating an actual increase in diffu­
sion with a closing of the stomates, but as a direct and 
striking measure of the changing potential for diffusion due 
to interference. The graph does suggest, nevertheless, that 
there would not be any decrease in diffusion with a decrease 
in pore size until the stomates were nearly closed. Further, 
since pores in the range of stomatal dimensions have a capacity 
for diffusion more than 50 times that of a free water surface, 
increasing this capacity due to decreasing the interference 
could have little effect on the over-all rate. It seems 
significant that the calculated diffusion rate for a 50 per 
cent closure represents a 7-fold increase for the 10 P pores, 
but only a 4-fold increase for the 20 V pores. This indicates 
the importance of absolute spacing. Since the interference 
decreases with an increase in distance, and an increase in 
distance with a fixed number of pores is necessarily accompa­
nied by a decrease in pore size, the net result of stomatal 
closing should be a decrease in diffusive potential per pore, 
with a concurrent decrease in interference, resulting in no 
over-all change in the diffusion rate. This compensation 
would be expected until the stomates are nearly closed when 
the diffusion shells would no longer be large enough to over­
lap and interference would cease to be a factor. Each stomate 
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would then be acting as an Isolated pore, and size changes 
should be accompanied by a linear change in the diffusion rate. 
The question necessarily arises as to whether or not 
Verduin's equation will hold with pores the size of stomates. 
Verduin's (43) data, obtained with pores 200, 400, and 800 U 
in diameter with spacings of 10 to 4o diameters, are plotted 
in Pig. 25 along with some of the data of Huber (10) for 
multipore systems with pores 11.3 mm, 1.13 mm, and 50 P in 
diameter. From the graph, it is clear that the larger pores 
fit this inverse square function while the smaller pores do 
not. A deviation was shown also with our data obtained with 
the Buckbee Mears membranes, as can be seen in Fig. 26. The 
wider spacings apparently fit the function fairly well as 
noted by the straight lines in Pig. 26 at the smaller i-
2 
values, however, the intercept, which should be the value for 
an isolated pore according to Verduin's equation, considerably 
underestimates the values obtained from single-pore membranes. 
If a smooth line were drawn through the points of any 
given pore size series, the general shape of the curve would 
indicate that the diffusion at small spacings (large ~) is 
i 2 nearly constant. At small ~ values, the curve might be 
— 
expected to be asymptotic. At wide spacings, however, the 
diffusion is constant, and the curve would turn sharply into 
the y-axis. Noting that Verduin's equation apparently under­
estimates the diffusion at both wide and close spacings, and 
Pig. 25. Diffusion per pore of multipore membranes 
plotted on a logarithmic scale against the 
inverse square of the distance between pores. 
Abscissa values are x 103 for Verduin's (V) 
D2 
data, and - x 102, —x 102, and -i- x 10^ 
5D2 2.5D2 5D2 
for Ruber's (H) pore sizes of 11.3 mm, 1,13 mm, 
and 50 U 
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further, that the greatest error is the underestimation of the 
isolated pore diffusion, a partial explanation for the calcu­
lated large increase in diffusive potential is apparent. Even 
though in error, the calculations shown in Fig. 24 demonstrate 
the large capacity for diffusion and the importance of inter­
ference in the consideration of gaseous movement through small 
pores. 
The obvious final question which now remains is the 
actual appearance of the stomatal closing curve, independent 
of any plant factors. Pig. 27 shows such a curve, obtained 
with the Buckbee Hears membranes. Starting with an initial 
pore size of 20 V> spaced at 10 diameters, the first 50 per 
cent closure gave a pore diameter of 10 V> and a relative spac­
ing of 20 diameters. Subsequent 50 per cent closures gave 5 
and 2.5 P pores with spacings of 4o and 80 diameters respec­
tively. The percentage decreases in diffusion corresponding 
to 50, 75, and 87.5 per cent closure were 10.9, 40.5, and 65.0 
per cent. This curve shows clearly the initial, nearly linear 
increase in diffusion with increasing diameter and constant 
pore number, and the rapid approach to a constant diffusion 
rate at wider openings. 
Since Zelitch and Waggoner (48) and Shimshi (29) have 
recently shown that transpiration can be correlated with 
stomatal opening with the use of Penman and Schofield's (23) 
equation, Equation 9, by taking the reciprocal to obtain 
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Pig. 27. "Stomatal" closing curve. The 20, 10, 5, and 2.5 P pores 
were spaced at equal center-to-center distances, equivalent 
to 10, 20, 4o, and 80 diameters 
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Equation 10, and plotting ^  against S, it would be significant 
to determine whether or not our data also fit the equation. 
By plotting the reciprocal of the diffusion in Fig. 27 against 
S, calculated from — + -1~, a straight line was obtained 
nnr2 *2r 
with a correlation coefficient (r) of 0.993. 
Multipore Diffusion in Wind 
Stâlfelt (36) published a curve, based on transpiration 
studies with oats, indicating that wind would tend to shift 
diffusion per stomate to one of diameter proportionality. 
Bange (2) also published curves, obtained with Zebrlna leaf 
disks, showing a hyperbolic function in still air and a near 
linear function in wind when transpiration was plotted against 
pore diameter. In a discussion of the assumed boundary layer, 
to which he attributes a reduction in the expected transpira­
tion based on extrapolation from single-pore diffusion to a 
reasonable value, he states that wind should nearly completely 
remove the limiting external shells, and thereby change the 
relationship to one directly proportional to pore diameter. 
The concept of limiting macro-diffusion shells (boundary 
layer) as opposed to the overlap of micro-diffusion shells is 
somewhat academic, as the boundary between the two systems is 
not rigidly defined; however, the magnitude of the micro-
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diffusion shells as they function in limiting the diffusion 
is a valid question. The assumption that the boundary layer 
over the leaf is analogous to the evaporation shells over a 
free water surface and is the greatest resistance to tran­
spiration seems to lead to the same erroneous conclusion as 
was reached previously, that diffusion through a multipore 
system would exceed that from a free water surface. If, how­
ever, we assume that overlapping of the micro-diffusion shells 
over each stomate represents the greatest resistance, this 
difficulty is not encountered. Based on the equation describ­
ing the wind profile curve over a surface, Equation 16, it 
will be recalled that air movement will be much less near a 
surface than at a distance from it. This means that wind will 
have less effect on the micro-diffusion shells than it will on 
a boundary layer, and further, that small pores will be less 
affected by wind than large pores, open surfaces, or surfaces 
with large boundary layers. 
Fig. 28 shows a comparison of evaporation from an open 
surface 25 mm in diameter with diffusion through single-pore 
membranes with pores 200 and 800 in diameter and through a 
multipore membrane 25 mm in diameter with pores 19 P in diame­
ter and 10 diameters apart, plotted as the ratio of the loss 
in wind to that in still air, over wind velocities of 0 to 
1,000 feet per minute. Pigs. 11 and 12, which show the effect 
of wind on single-pore diffusion, indicate that diameter 
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Pig. 28. A comparison of the response of an open surface, 
single-pore, and multipore membranes to wind 
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proportionality is not affected except at high wind veloci­
ties, and then, only with large pores. Wind velocities of 
1,000 feet per minute in the present experiment, increased the 
evaporation of the free water surface 15 times over that of 
still air evaporation, while the diffusion through"the multi­
pore membrane was increased a little more than 1.5 times; an 
over-all difference between the two systems of 10-fold. The 
800 single-pore data indicate an increase of about 4-fold, 
while the 200 U pore series was nearly identical with the 
multipore septum. It is noteworthy that the evaporation from 
the open surface seemed to be a linear function of wind 
velocity while that from the larger single-pore membrane was 
obviously an exponential function. Although the 200 pore 
and the multipore system curves appear linear, these might be 
exponential at higher wind velocities. 
An interesting evaluation of the effect of wind on dif­
fusion can be carried out with the aid of the interference 
theory. Fig. 29 shows percentage of interference plotted 
against pore diameter with wind at 0, 600, and 1,000 feet per 
minute. The wind trials were evaluated by extrapolation of 
curves calculated from 800 and 200 P single-pore data. The 
data are given in Table 7. Since the larger pores were 
affected by wind currents relatively more than smaller pores, 
the curves based on the 200 P pore extrapolation are closer to 
the still air interference curve for each level of wind. It 
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Pig. 29. Percentage of interference curves obtained at three 
wind velocities. Expected diffusion rates were 
determined by extrapolation of 200 and 800 
single-pore curves for the 600 and 1,000 ft/m wind 
velocities. The curves for each wind velocity do 
not coincide, since larger single-pores are 
affected more by wind 
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can be assumed from this analysis that if the percentage of 
interference were based on isolated pores the same size as the 
pores of the multipore system, the curves would be identical. 
In essence, there is no change in the interference relation­
ship due to wind, and multipore systems apparently respond as 
do single-pore membranes. 
Table 1. Diffusion at three wind velocities expressed as 
P-g/hr/pore. Pyramid Screen, multipore membranes and 
single-pore membranes 
Wind velocity Pore diameter - V-a 
ft/m 19 83 94 132 200* 800* 
0 4.00 77.1 97.5 19^.9 545 2150 
600 4.o4 76.5 98.1 195.9 586 3350 
1,000 4.4o 86.0 108.9 202.0 873 4580 
^Single-pore data marked *. 
Diffusion Through Prepared Epidermal Strips 
An expected curve for transpiration relative to stomate 
opening is shown by the work of Stalfelt (Pig. 1) and by our 
data (Fig. 27). Some workers, however, have questioned 
whether or not this curve is due to the stomatal system or 
whether other factors are involved. For example, limiting 
evaporation at the mesophyll surfaces (13). Since the data 
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from the model systems Indicate at least 95 per cent interfer­
ence between pores of a multipore system the size of stomates, 
and since calculations based on comparisons between Isolated 
pore data obtained with model systems and living plant leaves 
(cf. Brown and Escombe1 s data and our data with sunflowers) 
also indicate the same degree of interference, there remains 
for clarification only studies of diffusion through stomates 
that are not complicated by factors other than those of diffu­
sion. 
The data gathered with the epidermal strips from 
Graptopetalum sp. leaves, however, were complicated by the 
loss of waxes and cutln during the preparation resulting in a 
4o per cent increase in the diffusion rate over untreated 
membranes. The result is that a large amount of the water 
loss was through the nonstomatal portion of the epidermis. 
Further, it was difficult with the variable data to determine 
whether or not losses due to leakage by faulty sealing or by 
other unknown factors were complicating any of the measure­
ments. As a result, of the seven experiments conducted, only 
four are presented in Fig. 30. The others showed no correla­
tion between stomatal aperture and diffusion, even giving high 
rates with apparently closed stomates. The linear plots in 
Fig. 30 show a rather small change (22 to 55 per cent) in dif­
fusion with changes in stomatal size from 7 P- down to 1 V>. 
Also, high rates of diffusion apparently persisted with nearly 
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Pig. 30. Diffusion of water vapor through stripped epidermal membranes 
as a function of stomate diameter 
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closed stomates. This is explained, in part, by nonstomatal 
transpiration. Good fits of these data with Penman and 
Schofield's equation (Equation 10) were obtained. Correlation 
coefficients (r) for the curves from top to bottom are 0.81, 
0.89, 0.98, and 0.93. 
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DISCUSSION 
The question arises of whether or not the movement of 
gases through small pores follows diffusion theory or is more 
similar to flow. Gaumann and Jaag (7) made an analysis of 
transpiration based on considerations of streaming, however, 
Bange (2) criticized the study on the basis that pores the 
size of stomates would obey the principles of diffusion, and 
not flow. Poiseuille's law predicts that streaming or flow 
within a tube will vary with the fourth power of the radius 
and inversely with the length; therefore, small tubes will 
allow considerably less movement than would be expected with 
diffusion theory. Our data obtained with single-pore mem­
branes indicate that the gaseous movement can be described 
adequately by diffusion theory. 
Length (t) to radius (r) ratios were as large as 10 to 1 
in the single-pore series and the diffusion was still 
described by diffusion theory, although diameter proportion­
ality was not followed. Nevertheless, pores showing good 
diameter proportionality had I to r ratios as large as 2.5 to 
1. Assuming a stomate with an average diameter of 20 P 
associated with guard cells 10 V- thick, the I to r ratio would 
be one which is well within the range of diameter proportion­
ality, and a closure to 8 P would still show diameter propor­
tionality in agreement with the above ratio of 2.5 to 1. A 
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nearly complete closure to 2 U would give a ratio of 10 to 1, 
and still be in the range of diffusion theory. It would not, 
however, be expected to follow diameter proportionality. The 
closing of stomates will not be described adequately by any 
one mathematical model, since the relationship will tend to 
change from diameter proportionality through area proportion­
ality, to proportionality to the fourth power of the radius, 
p A. 
i.e., r —> r —> I » during closing. Further, flow would 
not be expected to be significant except at extremely small 
openings when the stomates are essentially closed. It is 
concluded that the entire range of stomatal sizes can be 
described adequately and sufficiently by diffusion theory and, 
except at small openings, the potential for diffusion will 
vary with the diameter of the pore. 
Although the I to r ratio is important in considerations 
of the exact model describing small pore diffusion, the 
absolute value of t is important as it relates to the magni­
tude of diffusion. The equation describing the relationship 
between diffusion and pore thickness at constant pore diameter, 
Equation 12, indicates that diffusion varies inversely with 
the logarithm of the thickness, or pore length. 
Our results show clearly that interference increases with 
both decreased pore spacing and size. The latter emphasizes 
the importance of the absolute spacing between pores of a 
multipore system. The conclusion of Brown and Escombe (4) 
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that pores spaced at 10 diameters would not show Interference 
is resolved by our data, since they used pores 380 P in 
diameter with absolute spacing of 3,800 P. These dimensions 
are, as can be shown by extrapolation of our data, suffi­
ciently large so that the diffusion through each pore will be 
at approximately the rate of an isolated pore. With decreas­
ing pore sizes and spacings, however, the interference in­
creases rapidly, reaching values of 95-99 per cent in the 
range of stomatal sizes. 
Considering membranes with pores 5 and 10 V> in diameter 
with spacings from 10 to 160 diameters, it is noteworthy that 
even though the diffusion per pore had reached a maximum at 
the wider spacings, it did not approach isolated pore diffu­
sion. One might suspect that the apparent interference 
remained high because of a water limitation. When it is 
recalled, however, that the diffusion through the 5 and 10 P* 
pore membranes with pore spacings of 10 diameters approached 
80 per cent of the evaporation from a free water surface, and 
that diffusion through the membranes with pore spacings of 
160 diameters was less than 10 per cent, water, as such, can­
not be the limiting factor. The absolute spacing does not 
completely account for the unexpectedly high interference with 
the smaller pore sizes and wider relative spacings. The 10 W 
pores spaced at 160 diameters, representing an absolute spac­
ing of 1,600 showed over 70 per cent interference. Addi­
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tional information Is needed to explain this effect. 
The characteristics of diffusion through multiperforate 
septa with pores of varying size spaced at 10 diameters are 
given in Table 8. Pores are taken that decrease in diameter 
by one-half. Reference to the second column shows that the 
absolute spacing varies so as to maintain a constant relative 
spacing of 10 diameters. Given these two characteristics, 
the number of pores is fixed, and as noted in the third 
column, increases by a factor of four for a 50 per cent reduc­
tion in pore diameter. Assuming that the pores act as Iso­
lated pores, the diffusion would be expected to decrease by 
one-half as the pore diameter decreases by one-half. On the 
other hand, since the pore number Increases by a factor of 
four, the diffusion would also be expected to increase 
similarly. The net result Is a doubling of the expected dif­
fusion rate, as noted in the column headed 5q. The expected 
diffusion is seen, therefore, to follow the equation 
and to increase logarithmically as the pore diameter decreases. 
The column headed Qg represents the actual diffusion expressed 
as a fraction of the theoretical. The equation describing 
this relationship Is 
dQn = k di, 
u a 
(18) 
dQ2 = k da. (19) 
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Since So the expected diffusion and the fraction of 
the expected rate, the product of the two represents the 
actual diffusion, and as is seen in column this is unity. 
Interference, I, exactly offsets the diffusion potential 
dl = k dl. (20) 
By subtracting the interference (dl) from the expected diffu­
sion (d§Q), the result is the change in diffusion with a 
change in pore diameter 
dQ. - dl = k dl - k dl = 0. (21) 
u a a 
The equation 
dQ-L = 0, (22) 
therefore, describes the diffusion through multipore membranes 
at constant spacings of 10 diameters, and shows that the dif­
fusion should remain constant regardless of pore number or 
size. 
The effect of wider pore spacings is the reduction of 
interference, without which we would expect the diffusion rate 
to double with each 50 per cent reduction in pore size (Column 
£q). Our data for the wider spacings do show a trend toward 
this response as noted from the logarithmic shape of the 
curves in Pig. 19. With the single exception of the diffusion 
change between the 10 and 5 P diameter pores at the 80 diame-
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Table 8. Characteristics of the diffusion through multi-
perforate membranes when pores of varying diameter 
are spaced 10 diameters apart 
Diameter of 
pores - P» 
Spacing of 
pores - V> 
Pores/cm V V *1 
100 1,000 100 1 l 1 
50 500 400 2 0.5 1 
25 250 1,600 4 0.25 1 
12.5 125 6,400 8 0.125 1 
6.25 62 25,600 16 0.062 1 
aQ0 = theoretical maximum diffusion through the membrane 
with no interference. 
= actual diffusion expressed as a fraction of the 
theoretical. 
°Q1 = Q0 x Q2 = actual diffusion. 
ter spacings, a doubling of the diffusion rate was not 
observed. The change in the diffusion representing a 50 per 
cent closure at the 160 diameter spacing was 4-fold; only 
these two points were available, however. 
Qualitatively these results are explained by the concept 
of diffusion shells which form above each pore. At stomatal 
spacings, considerable overlap of the shells is to be expected, 
resulting in a large amount of interference. As the pore size 
becomes larger with a consequent decrease in pore number, the 
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effective size of the vapor shells (micro-diffusion shells) 
necessarily increases. This results in an increase in the 
quantity of vapor above each pore, with an increased contribu­
tion per pore to the macro-diffusion shells over the entire 
surface. This contribution to the macro-diffusion shells, 
even though the number of pores is decreased, apparently 
results in the same over-all concentration gradient. Thus, 
the gradient for the entire membrane surface remains constant 
regardless of pore size or number, if the spacing is suffi­
ciently close. At the wider spacings with less interference, 
the membrane does not act as a unit, and the result of the 
decrease in the number of pores per membrane is a decrease in 
the diffusion rate (Pig. 19). 
According to Stefan's (37) original analysis, a necessary 
criterion for diameter proportionality is that the diffusion 
shells over the surface must be hemispherical. This will 
obtain only when the stream lines are represented by a family 
of symmetrical hyperbolae. Diagrams of such stream lines have 
been presented by Brown and Escombe (4), Verduin (43), and 
Bange (2) among others. Thomas and Ferguson (39) pointed out 
that diameter proportionality would not exist with very large 
pores, since even slight air movements would disrupt the dif­
fusion shells. The effect of wind on small pores might be to 
shift the relationship from diameter toward area proportion­
ality, unless the diffusion shells below the membrane, and 
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protected from air currents, were sufficient to maintain 
diameter proportionality. A consideration of the equations 
for small pore diffusion (Equation 8 and 9) suggests that one 
set of shells will maintain diameter proportionality. Refer­
ence to our Pig. 11 shows that wind does not, in fact, alter 
the relationship except with large pores at high wind veloci­
ties. The latter effect may be due to turbulence created 
within the pore tube which is sufficient to disrupt the lower 
shells. 
The effect of wind on the multipore systems was more like 
the effect on isolated pores than on open surfaces, and fur­
ther, the general interference patterns were not altered 
(Fig. 29). The data in Pig. 28 show wind to still air diffu­
sion ratios of 15.5, 4.22, 1.70, and 1.66 for the open sur­
face, 800 P single-pore membrane, 200 P- single-pore membrane, 
and the 19 V multipore membrane at a wind velocity of 1,000 
feet per minute. The corresponding figures for the 4oo feet 
per minute wind velocity are 6.16, 1.37, 1.23, and 1.11. The 
increase in diffusion through the multiperforate septa 
attributable to wind is of the same magnitude as the smaller 
single-pore membrane. If large external macro-diffusion shells 
were the limiting resistance to diffusion in our multipore 
systems, they would presumably have responded like open sur­
faces. A primary difference between a stomatous epidermis and 
our model systems is that negative macro-diffusion shells 
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could have formed below the membrane. It Is difficult, how­
ever, to visualize negative macro-diffusion shells as con­
stituting a significant resistance to diffusion. Apparently 
the interference is due to micro-diffusion shells above the 
membrane which are not destroyed by wind, and to the main­
tenance of protected, micro-diffusion shells below the mem­
brane. Based on considerations of our data, we conclude, 
therefore, that pores of stomatal dimensions will be only 
moderately affected by wind. 
Since most of the water transpired and nearly all of the 
COg assimilated by the plant must pass through the stomates, 
the nature of the stomates as a resistance to diffusion, and 
the degree that they may regulate diffusion, are significant 
questions. The general shape of the stomatal closing curve 
presented by Stalfelt (Pig. 1) has recently been substantiated 
by carefully controlled experiments with intact plants in 
growth chambers (29, 48). A good fit to Penman and Schofield's 
equation (Equation 18) was also shown. Since van den Honert's 
theory (9) predicts that the phase change at the mesophyll-
substomatal chamber interface is the maximum resistance to 
water movement, the degree of stomatal opening might be 
expected to regulate gaseous passage from the substomatal 
chamber. The shape of our "stomatal" closing curve (Pig. 27) 
agrees with the one published by Stalfelt (see also our Fig. 
30), and we were, further, able to show an excellent fit to 
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Penman and Schofield's equation. Since additional plant 
resistance factors, such as reduced relative humidity in the 
substomatal chamber (4o, 4i), are not present In our model 
systems, the curve predicts the relationship between tran­
spiration, or OOg assimilation, and stomatal opening, inde­
pendent of plant factors other than the multiperforate 
epidermis. Evaporative factors, of course, would be operative 
in both the multipore system and the leaf. Prom the shape of 
the curve in Pig. 27, and based on calculations from our data 
(see Pig. 24), we conclude that stomatal regulation of tran­
spiration and OOg assimilation will be significant only at 
small openings, which are not associated with large diffusion 
shells; larger openings with significant overlap of diffusion 
shells and subsequent interference will not result in addi­
tional significant changes in the diffusion rate. The effect 
of wind will be to increase the gradient and, therefore, to 
extend the range of the stomatal control. 
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SUMMARY 
Studies with single-pore membranes indicated that the 
diffusion of both COg and water vapor varied directly with the 
diameter of the pore, providing the pore-tube length was suf­
ficiently small. Smooth extrapolation of our data to zero 
diffusion at zero diameters confirmed the diameter law over 
the range of stomatal sizes. The effect of increased pore-
tube length was to shift the relationship toward area propor­
tionality, and at constant pore size, the diffusion was found 
to vary logarithmically with the pore-tube length. The diffu­
sion through pores with length to radius ratios as high as 10 
to 1 was adequately described by diffusion theory with no 
indication of streaming or flow. 
The effect of wind on isolated pore diffusion was to 
increase the diffusion without a change in the diameter rela­
tionship. Wind velocities of 1,000 feet per minute did, how­
ever, shift the relationship toward area proportionality, 
apparently by disrupting the diffusion shells below as well 
as above the membranes. This effect is primarily attributed 
to the response of the 800 V» pores. 
Interference between pores of a multipore system was 
found to increase with both a decrease in spacing and a 
decrease in pore size. The interference between pores with 
diameters from 2.5 to 132 V> spaced at 10 diameters was found 
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to be a linear function of pore diameter, reaching values of 
95-99 per cent with the smallest pore sizes. Interference was 
also found to decrease rapidly at spacings between 4o and 80 
diameters with pore diameters of 5 and 10 P. The diffusion 
was constant at wider spacings, up to 160 diameters. Only 
with large pores at wide absolute spacings, however, did the 
diffusion per pore approach the rate of isolated pores. 
A membrane series with pores of 2.5 to 20 P, all spaced 
at 200 P, was Intended to simulate stomatal opening. The 
diffusion through these membranes increased rapidly with 
initial increases in pore size, then slowed until there was 
little more diffusion through 20 V> pores spaced at 200 P> than 
through 10 li pores at the same distance. 
The magnitude of the response of multipore membranes to 
wind was more similar to single-pore membranes than to open 
surfaces. Removal of the boundary layer over the surface 
resulted in an increase in the diffusion; however, either 
small micro-diffusion shells over the surface or protected 
diffusion shells below the membrane surface, or both, main­
tained the interference patterns. "Whereas the diffusion 
through the multipore membranes in still air approached 80 
per cent of the evaporation from a free water surface, in wind 
the diffusion was less than 10 per cent of free surface 
evaporation. 
1. 
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